Recently, nanomaterials that harvest solar energy and convert it to other forms of energy are of great interest. In this context, transition metal chalcogenides (TMCs) are lately on the spotlight due to their optoelectronic properties that render them potential candidates mainly in energy conversion applications. Integration of TMCs onto a strong electron accepting material, such as graphene, yielding novel TMC/graphene ensembles is of high significance, since photoinduced charge-transfer phenomena leading to intra-ensemble charge-separation, may occur. In this review, we highlight the utility of TMCs/graphene ensembles, with a specific focus on latest trends in applications, while their synthetic routes are also discussed. Precisely, TMC/graphene ensembles are photocatalytically active and superior as compared to intact TMCs analogues, when examined toward photocatalytic H2 evolution, dye degradation and redox transformations of organic compounds. Moreover, TMC/graphene ensembles have shown excellent prospect when employed in photovoltaics and biosensing applications. Finally, the future prospects of such materials are outlined.
Introduction
The scientific interest for nanocrystals, also known as quantum dots, is continuously increasing, especially during the last decade, attracting more and more researchers to explore new synthesis methods and fully examine their structure and properties. Notably, such inorganic nanoparticles possess unique size-dependent physicochemical properties. Particularly, transition metal chalcogenides (TMCs) quantum dots, composed of a transition metal cation bonded with one or two chalcogenide anions (S, Se, Te), are of great interest [1] [2] [3] due to their semiconducting characteristics, absorption and emission of visible light. [4] The utility of TMCs in a variety of applications relies on diverse factors including their optoelectronic properties, size, shape, facets and surface area. In turn, these parameters mostly depend on reaction conditions employed during synthesis of TMCs, such as for example temperature, concentration, time and precursor materials utilized. Markedly, the quantum confinement effect, in other words the dependence of energy band-gap with the size of TMCs, gives rise to materials with tunable emission properties, [5] potentially suitable for solar light harvesting applications [6] and electrochemical applications. [7, 8] However, in photoexcited TMCs ultrafast recombination of the photo-generated electron and hole species occurs, resulting to low light conversion efficiency. [9] Hence, in order to overcome this hurdle, integration of TMCs to strong electron-accepting materials such as carbon nanostructures [10] [11] [12] [13] , i.e carbon nanotubes or graphene. In particular, the inherent novel properties of graphene, such as conductivity and ballistic charge-transport, are beneficial for targeting energy applications. Graphene is a single atomic plane of sp 2 hybridized carbon atoms arranged in a two-dimensional honeycomb lattice, [14] [15] [16] potentially suitable for a vast number of applications spanning from materials to life science. Specifically, due to its novel and outstanding conducting and electronic properties (quantum Hall effect, electrical conductivity ≈ 6000 S cm -1 , ideal electron mobility ≈ 200 000 cm 2 V -1 s -1 ), [14, 17, 18] graphene is set to take its place alongside semiconductors in electronic devices. [16] In principle, inorganic nanoparticles can either be directly immobilized onto the surface of graphene sheets or alternatively grown, depending on the nature of graphene employed, i.e. graphene oxide (GO), reduced graphene oxide (RGO), exfoliated graphene (EG). For example, on a GO substrate that contains a plethora of oxygen-based functionalities where seeding can occur, growth of nanoparticles is considered easier. In contrast, on EG that lacks defected sites for direct interactions, deposition of previously grown nanoparticles is the route for choice. Toward this direction, numerous transition metals have been utilized by employing diverse synthetic protocols for the preparation of semiconducting TMC-based nanoparticles incorporating cadmium, [19] zinc, [20] copper, [21] or molybdenum [22] .
Due to efficient electron transfer phenomena that occur from semiconducting TMCs to graphene, such hybrid species are considered as efficient materials en route to energy conversion applications, particularly for the photocatalytic water purification and hydrogen production. [23, 24] Amongst the routes employed for the preparation of TMCs/graphene ensembles, deposition of TMCs onto graphene sheets via a solvothermal process is the most widely applied strategy. Additionally, traditional chemical deposition methods, electrochemical, ultrasonication as well as laser synthesis deposition have been also considered. In this review, we present the latest research trend in TMCs/graphene ensembles, focusing on TMCs based on VIA, IB and IIB metals of the periodic table. Furthermore, in an attempt to classify our work, the hybrid materials are categorized according to targeted application. Initially, the photocatalytic performance of TMCs/graphene nanoensembles toward (a) hydrogen evolution, (b) organic dyes degradation, and (c) redox transformations are examined, then the incorporation of graphene/TMCs onto photovoltaic devices is surveyed, and ultimately the review focuses on the prospects these hybrid materials show as photodetectors and biosensors.
TMCs/Graphene Ensembles for Photocatalysis

Hydrogen evolution
Sustainable hydrogen production, particularly from water splitting, as a clean and renewable fuel, is a major challenge and therefore, advanced photocatalytic systems that result in increased efficiency for the hydrogen evolution reaction (HER) are of significant importance. [25, 26] The most widely applied catalyst for the HER, owed to its effectiveness, is Pt-based metals. However, Pt is expensive, hence, it is of particular interest and challenging the development of highly active HER catalysts based on abundantly produced and inexpensive materials. New replacement materials as catalysts for the HER should be reasonably stable and show high production rates for hydrogen, while absorbing in the visible region in order to exploit as much higher solar energy as possible. Toward this direction, significant research effort has been devoted to the development of novel hybrid materials, in which the outstanding properties of graphene are combined with those of TMCs, as potential photocatalysts for hydrogen production from water splitting. A widely used method to prepare CdS/graphene hybrids concerns the in-situ solvothermal route, in which graphene as support, a cadmium precursor (e.g. cadmium acetate) and a sulfur precursor [27] [28] [29] [e.g. dimethyl sulfoxide (DMSO) which could also serve as solvent] are introduced in an autoclave reactor and heated. According to this process, CdS/GO ensembles exhibiting high efficiency in the photocatalytic hydrogen evolution under visible light irradiation were effectively prepared. [30] Notably, the presence of GO as part of the hybrid material enhances the crystallinity and the specific surface area of CdS, since only a small amount of GO can dramatically improve the photocatalytic activity of the system. The incorporation of GO resulted in the highest visible-light photocatalytic H2-production rate reported so far for TMCs/graphene photocatalysts, although this value was achieved with the incorporation of platinum as cocatalyst, which was approximately five times higher than that of bare CdS nanoparticles. Interestingly, the photocatalytic activity is rather attributed to the increased specific surface area of the hybrid material and to a less extent to the electron accepting property of graphene. Similarly, materials comprised of sulfonated graphene and CdS nanoparticles were fabricated by a one-pot solution method, demonstrating the utility of graphene as a cheap co-catalyst to boost the photocatalytic hydrogen production from water. [31] The formation of CdS nanoparticles onto the active sites of sulfonated graphene was triggered by the introduction of a cadmium precursor, while their growth is owed to the sulfur precursor (i.e. Na2S). Markedly, highly efficient generation of hydrogen was demonstrated in the presence of a sacrificial reagent that is actually comparable to systems containing Pt as co-catalyst. Mechanistically, the photogenerated electrons formed after the dissociation of excitons at the interface of CdS/graphene are successfully transported with negligible loss of energy onto the surface of graphene and effectively employed to split water and generate hydrogen, according to Scheme 1. Moreover, the presence of graphene is beneficial for enhancing the hydrogen production because not only reduces the charge recombination rate but also aids the distribution of the nanoparticles onto the graphitic lattice, creating in this way more photocatalytically active sites and increased surface area. All these characteristics are favorable for improved HER performance. Meanwhile, similar synthetic routes were employed for the fabrication of ensembles incorporating nitrogen-doped graphene and CdS nanoparticles, abbreviated as CdS/N-graphene. [32] The N-graphene was prepared by annealing of GO in the presence of gaseous ammonia, while the CdS/N-graphene ensembles were developed by exploiting the active sites of N-graphene towards the formation of CdS nanoparticles by employing the appropriate cadmium and sulfur precursors. Similarly with previous cases, CdS/N-graphene showed about 5 times higher photocatalytic activity for hydrogen evolution under visible light irradiation as compared to intact CdS. Furthermore, significant results were observed when the photocatalyst was recycled and tested for more than 30 hours of irradiation, without losing efficiency, which is of high importance when aiming to industrial applications. The high efficiency was attributed to intraensemble electron-transfer phenomena from CdS to N-doped graphene and the reduced electron-hole recombination rate, which were identified with the aid of transient photocurrent assays and by the enhanced photoresponse revealed for CdS/N-graphene as compared to the bare CdS. Furthermore, the efficiency of CdS/N-graphene hybrids was found superior when compared with that of graphene and GO analogous hybrids, which is attributed to the enhanced conductive character of N-graphene after the nitrogen doping. Moreover, Ngraphene acts as a protective layer to CdS, hence, highlighting in this way the remarkable high resistance of the nanoensemble as catalyst against photocorrosion. Except from the aforementioned and analyzed in-situ approaches, graphene/CdS ensembles were also fabricated by simple mixing of the two components. According to this, stable aqueous dispersions of polymer-modified graphene sheets were prepared via the in-situ reduction of GO in the presence of cationic poly(allylamine hydrochloride). [33] In such a way, welldefined CdS/graphene films were fabricated via self-assembly from the tailor-made negatively charged CdS and the positively charged graphene sheets decorated with the cationic poly(allylamine hydrochloride), according to Scheme 2. This alternative stacking manner, the incorporation of CdS within graphene by layer-by-layer technique, leads to the maximization of charge-separation. As a result, the photoelectrochemical and photocatalytic performance of CdS/graphene films under visible light irradiation were observed at least two times improved, in comparison with that of neat CdS nanoparticles. Furthermore, by exploiting the carboxyl groups of the amphiphilic block copolymer poly(isoprene-b-acrylic acid) (PI-b-PAA) which was used as stabilizer to grow CdS nanoparticles, aqueous dispersions of CdS•PI-b-PAA/graphene ensembles were prepared (Scheme 3). Briefly, the hydrophobic poly(isoprene) block of the copolymer, interacted non-covalently with exfoliated graphene. Following that, the cadmium precursor was introduced into the system, where the cadmium cations interacted with the negatively charged carboxylic groups of the poly(acrylic acid) block. At the last stage, upon introduction of the sulfur precursor, in-situ formation of CdS nanoparticles onto graphene/PI-b-PAA was achieved. The complementary characterization of the material gave clear evidence of charge transfer phenomena between the semiconducting CdS and graphene and subsequently its photocatalytic performance was scrutinized. [34] Specifically, the photocatalytic activity of CdS•PIb-PAA/graphene was tested for hydrogen generation from water splitting, by examining the reduction of 4-nitroaniline to pphenylenediamine. The production of hydrogen by water splitting aided by the photocatalytic presence of CdS•PI-b-PAA/graphene was confirmed by observing changes in the absorption spectrum Considering the toxic nature of cadmium the scientific interest was moved to more sophisticated systems in which the amount of cadmium was partially or completely replaced by other metals. Hence, ZnS/graphene/MoS2 hybrids were constructed and examined toward their efficiency for the production of hydrogen. The ZnS nanoparticles were easily prepared by following a hydrothermal method, in the presence of the two-dimensional heterostructure graphene/MoS2. Notably, the presence of MoS2 as co-catalyst in ZnS nanoparticles loaded onto graphene resulted on the highest photocatalytic rate of hydrogen evolution so far for TMCs/graphene materials, without the introduction of precious metals, such as platinum, as well as good recurrence stability. [35] The enhanced performance of ZnS/graphene/MoS2 is owed to the cooperative effect of graphene and MoS2 as cocatalysts, opening wide avenues toward the realization of novel materials for the HER without requiring the presence of any noble metals. Even more complex systems composed of ternary quantum dots, consisting of two different transition metals and a chalcogen atom combined with graphene sheets were developed and tested. For example, the noble metal-free RGOZnxCd1-xS nanoensemble fabricated by a facile co-precipitationhydrothermal reduction route and the ZnxCd1-xS-graphene realized by a one-step hydrothermal method by employing zinc, cadmium and a sulfur precursor, was found to exhibit good photocatalytic activity, although their H2 production rate was comparable with CdS/graphene hybrids. [27, 28] Interestingly, Zn0.8Cd0.2S-RGO hybrid material exhibited the highest quantum efficiency (23.4%) ever reported among TMC/graphene ensembles employed for the photocatalytic hydrogen production. Although two-dimensional heterostructures combining MoS2 and WS2 nanoflakes onto graphene have been described, the decoration of graphene sheets with MoS2 nanoparticles is scarce. To the best of our knowledge, there is only a single report dealing with the synthesis of MoS2 nanoparticles on RGO. Briefly, MoS2/RGO was acquired via a one-step solvothermal reaction of (NH4)2MoS4 and hydrazine in a solution of mildly oxidized graphene sheets. Interestingly, the particular MoS2/RGO exhibits superior electrocatalytic activity in the HER as compared to other MoS2 catalysts. [36] The remarkable performance of MoS2/RGO is attributed to the plenty catalytic edge sites that are present on the MoS2 nanoparticles and the excellent electrical coupling of MoS2 with the graphene network, within the MoS2/RGO ensemble. In another example, a hybrid material consisting of TiO2 nanocrystals was grown in the presence of a layered MoS2/graphene and the high photocatalytic HER performance was attributed to MoS2 and graphene's synergistic effect, where the two components efficiently suppress charge recombination, thereby improving interfacial charge transfer as well as creating a greater number of active adsorption sites and photocatalytic reaction centers. [37] More precisely, the incorporation of graphene to TiO2, resulted to 7 times higher hydrogen production rate, whereas the TiO2/MoS2/graphene hybrid showed approximately 40 times increased hydrogen production rate, compared to the main photocatalytically active material, i.e TiO2. As far as transition metal chalcogenides incorporating selenides concern, MoSe2/RGO ensembles were prepared via a hydrothermal method with the introduction of the precursors in the presence of GO followed by low temperature annealing. [38] Comparison between MoS2 and MoSe2 revealed that the onset potentials of MoSe2 and MoSe2/RGO are significantly lower than those of MoS2 and its graphene hybrids, highlighting the improved HER activity of MoSe2 as compared to MoS2. Moreover, density functional theory calculations revealed that the Gibbs free energy for atomic hydrogen adsorption on the MoSe2 edges was closer to thermoneutral than that of MoS2, thus, further confirming that MoSe2 nanosheets are potentially better catalysts than the corresponding MoS2 ones.
In order to better evaluate the photocatalytic activity of the currently reviewed TMC/graphene ensembles, the data concerning the hydrogen production rate and quantum efficiency are summarized and presented in Table 1 . For the cadmiumbased chalcogenides with graphene, the highest H2-production rate was reported for the CdS/GO material. [30] In fact the latter displays the highest reported H2-production under light illumination for TMC/graphene ensembles, which is ascribed to the significantly improved crystallinity and specific surface area of CdS by the introduction of GO. Markedly, Pt was employed as cocatalyst, boosting itself the photocatalytic performance of CdS/GO as compared to the cases where only CdS/graphene and CdS/N- graphene were examined and exhibited lower H2-production rates. [31, 32] It should be noted that when sulfonated graphene was employed, the hydrogen production yield of the CdS/graphene ensemble [31] was lower as compared to the case where RGO was used, [32] suggesting that conductivity is higher in the latter as attributed to the restoration of the sp 2 network, while in the former the presence of sp 3 sites decreases electronic transportation. The hydrogen production was enhanced upon replacing the Cd with Zn in the TMC/graphene ensembles, [27, 28] while also the presence of MoS2 as cocatalyst further improves the photocatalytic process. [35, 37] Evidently, future assays employing MoS2 not only as cocatalyst within TMC/graphene ensembles for the photocatalytic hydrogen production but also as stand-alone material for replacing graphene.
Dye degradation
Organic dyes are nowadays used extensively from industry for numerous applications resulting to huge amounts of organic waste that often leads to sea, rivers and groundwater contamination. In most cases these organic contaminants are water soluble making their removal from water impossible with conventional methods such as filtration and centrifugation. Moreover, other approaches such as adsorption on activated carbon, ultrafiltration, reverse osmosis, coagulation by chemical agents, ion exchange on synthetic adsorbent resins, although can be used efficiently, yet they are non-destructive, since they just transfer organic molecules from water to another phase, thus causing secondary pollution. [39] For this reason, various advanced oxidation processes have been established. Among these, photocatalysis in presence of semiconducting materials in aqueous phase causes the creation of highly reactive species, such as hydroxyl radicals that promote the oxidation of these organic pollutants. Titanium oxide in several forms has already been thoroughly employed toward this direction with effective results. [40] [41] [42] However, one of the biggest drawbacks is that TiO2 absorbs light only in the UV-region. Consequently, TMCs absorbing in the visible region are considered as better photocatalyst candidates. [43] [44] [45] Moreover, their integration onto graphene sheets is beneficial since graphene acts as an electron acceptor, thus inhibiting the fast electron-hole recombination, resulting to enhanced photocatalytic activity. The advantageous profile of graphene is further justified by considering its large surface area and pore volume together with its large-scale production and relatively low-cost availability. In this fashion, aqueous dispersions of CdS•PI-b-PAA/graphene ensembles that were analyzed above for their enhanced photocatalytic performance in hydrogen production, [34] were also exploited to degrade the water pollutant Rhodamine B (RhB). Particularly, when CdS•PI-b-PAA/graphene was used as photocatalyst the kinetics were much faster under visible light irradiation in the presence of air, than CdS•PI-b-PAA or neat exfoliated graphene. Charge transfer phenomena were identified between CdS and graphene, by observing the efficient quenching of the characteristic emission owed to CdS. Hence, it is deduced that graphene acts as an efficient electron acceptor, facilitating charge separation. Then, the accumulated electrons on graphene react with molecular oxygen and create highly reactive radicals, such as HOO• and HO•, which in turn attack and degrade RhB, according to Scheme 4. Similarly, CdS/graphene ensembles were prepared following a simple precipitation reaction between Cd 2+ ions and thiourea in the presence of GO and poly(vinylpyrrolidone) in ethylene glycol. [46] According to that process, CdS nanospheres were uniformly scattered on graphene sheets nicely evidenced by TEM imaging, while photoluminescence assays revealed the successful transfer of photoexcited electrons from CdS to graphene sheets. Moreover, CdS/graphene exhibited remarkable activity and stability toward the visible light driven degradation of RhB as substantiated by UV-Vis spectroscopy. Notably, the CdS/graphene catalyst can be recovered and reused for a number of subsequent catalytic cycles without losing efficiency.
Ternary TMCs combined with graphene have been also reported for the dye degradation processes. According to this, Zn0.5Cd0.5S/RGO was synthesized via the conventional in-situ co-precipitation-hydrothermal method and employed for degradation of Reactive Black 5 (RB5), under a low-power energy-saving daylight bulb at ambient conditions. [29] The authors also suggested a plausible mechanism towards the photocatalytic RB5 degradation. and N2 purging (O2 •-scavenger), showing in this way that these highly reactive species are responsible for the degradation process. Although volatile metal (i.e. Zn, Cd) chalcogenides were extensively tested for the photocatalytic dye degradation, TMCs composed of other metals, such as copper were also examined. For example, CuS/RGO was prepared following an one-step, sonochemical route, upon which thioacetamide as reducing agent was mixed with a dispersion of CuCl2 and GO in ethylene glycol. [47] The CuS/RGO exhibited high photocatalytic activity toward the degradation of methylene blue as compared to bare CuS, as rationalized by the enhanced light absorption of CuS, the strong dye absorption and the efficient charge-transport in RGO within CuS/RGO. In an attempt to investigate further the photocatalytic dye degradation assisted by graphene-based catalysts, transition metal selenides have been also employed. Undoubtedly the presence of graphene is beneficial for improved photocatalytic performance as compared to bare TMCs. In this context, ZnSe/N-doped graphene was fabricated via a facile, catalyst free, one pot hydrothermal method at low temperature using RGO nanosheets and ZnSe(diethylenetriamine)0.5 nanobelts as precursors (abbreviated as ZnSe(DETA)0.5). [48] The ZnSe(DETA)0.5 was used not only as the origin for the ZnSe nanorods but also as the nitrogen source for the graphene doping, while the ZnSe was deposited on the surface of graphene. These hybrids exhibited enhanced electrochemical performance for oxygen reduction reaction, as well as enhanced photocatalytic activities for the bleaching of methyl orange dye under visible-light irradiation, as compared to bare ZnSe.
Photoredox Activity
Beyond the photocatalytic hydrogen evolution and dye degradation, TMCs/graphene has been employed as photocatalyst for selective transformation of organic compounds, such as for example the oxidation of alcohols. Again, the driving force for the oxidation of alcohols to the corresponding carboxylic acids is the photoinduced charge-separation that takes place within the TMCs/graphene ensemble. Recently, CdS nanoparticles were combined with two different types of graphene, namely GO and acid-treated-graphene (GOA). [49] In the latter, the GO sheets that were cut into smaller parts exhibited elevated colloidal stability, possessed higher amount of oxygenated functional groups as a result of the ultrasonic treatment of GO with acid. Moreover, the GOA exhibited enhanced electrical conductivity compared to conventional GO. Next, CdS-GO and CdS-GOA were obtained after the incorporation of CdS on the graphene sheets via a one-pot solvothermal method in dimethyl sulfoxide, with the latter exhibiting much higher photocatalytic activity toward the oxidation of benzyl alcohol to benzaldehyde and the reduction of the 4-nitroaniline to p-phenylenediamine. Interestingly, the controllable tailoring of the GO physicochemical characteristics, such as size, shape, morphology and density of oxygenated functional groups or colloidal stability resulted to increased electrical conductivity, compared to non-acid-treated GO, which in turn led to improved photoelectrochemical and photocatalytic behavior of these hybrid materials. Markedly, a totally different photocatalytic mechanism, in which RGO in ZnS/RGO acts as an organic dye-like macromolecular "photosensitizer" for ZnS, instead of an electron acceptor was proposed. [50] According to this, the conventional hydrothermal protocol was followed for the in-situ growth of ZnS nanoparticles on the 2D platform of a GO sheet. In brief, Zn cations, originating from zinc chloride were attracted by the negative charges of GO, and subsequently the introduction of NaS2 led to ZnS formation. The subsequent reduction of GO to RGO promotes the improved conductivity as compared to the starting insulating GO, while also provides better interfacial contact between ZnS nanoparticles and RGO. The aforementioned ensembles showed visible light photoactivity toward aerobic selective oxidation of alcohols and epoxidation of alkenes under ambient conditions. Likewise, a series of CdS/graphene ensembles with different loadings of graphene were prepared and used as visible light photocatalysts for selective organic transformation. [51] By following a solvothermal approach, with the simultaneous formation of the CdS nanoparticles and the reduction of GO, the hybrid materials were successfully tested as visible light harvesting photocatalysts for the selective oxidation of alcohols to the corresponding aldehydes under mild conditions. The enhanced photocatalytic activity of the nanohybrids is owed to the high light absorption of the CdS and the improved electron conductivity of graphene as compared to GO. Moving a step beyond, the addition of a third component on TMC/graphene results to enhanced performance and functionality. [52] The CdS/graphene/TiO2 ternary hybrid material was fabricated by first stabilizing the CdS nanoparticles via an in-itu strategy onto GO with the aid of DMSO, and subsequently incorporating TiO2 nanoparticles which led to the enhanced photocatalytic performance. The mechanism that triggers the oxidation of the alcohols to the corresponding aldehydes is identical with the one of the photocatalytic dye degradation processes, namely, the photogeneration of superoxide radicals that eventually induces oxidation (Scheme 5). Finally, it was demonstrated that a CdS-RGO hybrid material shown better photocatalytic performance for the reduction of Cr(VI) as compared with that based on bare CdS nanoparticles. [53] Briefly, CdS-RGO hybrid materials were prepared by a one-step method, by introducing Cd and S precursors, along with GO, into a microwave reactor. Carboxylic acid groups of GO acted as anchoring sites, aiding the in-situ formation and growth of CdS nanoparticle, resulting to the reduction of GO to RGO and therefore to the fabrication of the hybrid material. The enhanced photocatalytic performance of CdS-RGO is attributed to both the increased light absorption intensity and the reduction of photoelectron-hole pair recombination in CdS upon the incorporation of RGO.
TMCs/Graphene Ensembles for Photovoltaics
Solar energy is a viable alternative to the fossil fuels energy sources, with the major advantage being that it is inexpensive and in principle endless. Hybrid materials composed of graphene and transition metal chalcogenides have been successfully tested for photovoltaic applications, photoelectrochemical and dye-sensitized solar cells as well as photodetectors. The latter is rationalized by considering the transparency and conductivity of graphene, which makes it a sustainable component for electrode materials, while incorporation of electron donors is a meaningful means to tune the optical and electrical properties of graphene. Briefly, the active role of graphene in hybrids with TMCs relies on the separation of charge carriers and the minimization of chargerecombination, leading to high efficiency. However, the nature of interactions between the two species, covalent bonding vs noncovalent immobilization of TMCs onto graphene, plays a crucial role on the efficiency of electron-transfer processes within the nanoensemble. In this frame, CdSe nanoparticles were deposited onto RGO and interacted either via multiple π-π van der Waals forces or via covalent bonds. Then, when thin films of those different hybrids were fabricated, it was found that the hybrid material in which the CdSe were covalently incorporated on RGO exhibit improved quantum efficiency and photocurrent density. This example confirms the utility of the material as a novel alternative of dye/TiO2 systems for dye sensitized solar cells. In addition, when CdTe deposited onto epitaxial graphene covered with polyethyleneglycol or polyvinylpyrrolidone, the material showed suppression of the luminescence blinking and nearly 10 times decreased luminescence intensity, as compared with bare CdTe on a glass substrate. [54] Commercially available CdSe/ZnS dispersed in poly(methylmethacrylate) (PMMA) matrix formed a film by spin-coating, which in turn was integrated onto CVD grown single layer graphene. The optical properties of CdSe/ZnS/graphene were examined and the photoluminescence of the material found quenched, with the emission lifetime reduced, as compared with the corresponding properties of bare CdSe/ZnS on the coverslip. The latter was attributed to the enhanced non-radiative decay that outcompetes the Auger process, leading in this way to enhanced probability of multiphonon emission. [55] Moreover, CdS and ZnS nanoparticles were in-situ formed onto GO via a onestep solvothermal method in which ethylene glycol served as a solvent, thiourea as the source of sulfur, while the Cd and Zn sources were the corresponding metal acetates (M(Ac)2, M = Cd, Zn). [56] A significant decrease of both hybrids' photoluminescence was found, while an unexpected strong positive photovoltaic response was revealed by transient photovoltage for CdS/graphene. At the same time, separate samples of graphene and CdS nanoparticles of the same size failed to exhibit any meaningful photovoltaic response, justifying the beneficial properties of the hybrid material as contrasting its individual components.
As far as quantum dot-sensitized solar cells (QDSSCs) concern, the construction of CdS QDSSCs based on grapheneTiO2 film photoanode and polysulfide electrolyte was accomplished. [57] Higher power conversion efficiency of 1.44 % was reported for the CdS-based QDSSC when incorporating graphene in the TiO2 photoanode as compared to that without graphene. The successive ionic layer adsorption was employed for the CdS deposition on the graphene-TiO2 films, in which a two-step dipping procedure in ethanol and methanol solution was repeated for several times. Afterwards, the CdS-based QDSSCs were sealed in a sandwich structure. The improvement in the performance of the ensemble was attributed to the increased CdS adsorption, the reduction of electron recombination and the back transport reaction as well as to the enhancement of electron transport due to the presence of graphene. Alternatively, Cu2S/RGO hybrids for high-efficiency quantum dot solar cells via a disproportionation reaction of Cu + (via copper(I) acetate) as a means to prepare Cu 0 nanoparticles on RGO sheets were developed. [58] Interestingly, the transportation of the electrons via the RGO sheets and the polysulfide active Cu2S was more efficient than that on Pt electrode, improving significantly the fill factor. In addition, a sandwich CdSe quantum dot sensitized solar cell was developed by using the optimized Cu2S/RGO composite counter electrode, which exhibited a high power conversion efficiency of 4.4 %, the highest reported so far for TMC/graphene hybrids (Scheme 6). On a similar study, CdSe/graphene ensembles were prepared via a chemical bath deposition method that allowed to make films at low temperature for the assembly of QDSSC in the absence of a traditional wide band gap semiconductor, targeting energy conversion devices. [59] Based on TEM imaging and photoluminescence spectroscopy, it was revealed that increasing the amount of graphene the aggregation of CdSe is prevented and charge-recombination is inhibited. Notably, the application of low temperature during the fabrication process was found to be beneficial for the preparation of flexible solar cells, while the weight ratio of CdSe to GO was optimized at 4.5 and it was found that short-circuit photocurrent density and energy conversion efficiency was increased for the QDSSCs as compared with QDSSCs based on analogues of C60 or carbon nanotube In 2012, the Kamat team demonstrated remarkable results when fabricated CdSe with GO, in which electron transfer from CdSe to GO was observed upon photoexcitation. [60] It was suggested that the relative rates of electron and energy transfer from the semiconducting CdSe to GO are reduced after prolonged light irradiation. The CdSe/RGO ensembles were formed by simple mixing colloidal dispersions of the two components (i.e graphene and CdSe) upon sonication. Additionally, charge separation and electron conduction were enhanced, with the presence of GO in colloidal CdSe films deposited on conducting glass electrodes enabling in that way three-dimensional sensitization. Moreover, the photoanodes that were assembled from CdSe/GO in QDSSCs displayed an enhanced photocurrent response compared to those that were prepared without GO (Scheme 7). Similarly, a flexible photoelectrode was fabricated by loading graphene sheets modified with CdSe. [61] The aforementioned ensembles showed higher efficiency and incident-photon-to-current conversion efficiency as compared to individual intact graphene and quantum dots. Moreover, based on electron transfer rate and lifetime measurements, the CdSe/graphene ensemble can be employed as active layer in photovoltaic cells since it was proved to be superior compared to intact graphene or bare CdSe. Moreover, a sandwich structured hBN/graphene/WS2/ graphene/hBN (i.e. hBN stands for hexagonal boron nitride) photoactive device was fabricated, by using a "dry transfer" technique, which enabled the deposition of sequential flakes on top of another by annealing at each stage to prevent contamination between the layers. [62] Additionally, the van Hove singularities in the electronic density of states of TMCs enhanced light-matter interactions, hence, induced the photon absorption and the electron-hole creation. Notably, these transparent graphene electrodes led to the fabrication of extremely efficient, flexible photovoltaic devices, showing photoresponsivity above 0.1 A/W. In the same context, the fluorescence emission from individual CdSe/ZnS nanocrystals in contact with single-and few-layer graphene was tested aiming in the construction of photovoltaic devices. [63] To this end, when CdSe/ZnS core/shell nanocrystals were spin-coated onto the graphene sheets, strong quenching of the nanocrystal fluorescence emission was achieved. For single-layer graphene sheets, the rate of energy transfer was found around 4 ns -1 , which is in agreement with a model based on the dipole approximation and a tight-binding description of graphene, while by increasing the number of graphene layers the rate of energy transfer was found drastically increased. Furthermore, a different approach for the preparation of CdSe/graphene ensembles via a three-step fabrication process, namely, nanobelt deposition, graphene transfer and Ag paste, was introduced. [64] This process allows constructing Schottky junction solar cells and includes the deposition of the piece of graphene film floating on water surface laid down on one end of the CdSe nanobelt, covering the one third of the surface, after the transfer of the latter from the growth substrate onto a glass slide. Finally Ag paste was applied to the other end of the nanobelt as the negative electrode. In addition, the synthesis of active solar cells with different arrangements and connections from not only individual but also multiple assembled nanobelts was accomplished. Flexible CdSe/graphene nanobelt solar cells were reported to create diverse device architectures that can be used in cell integration placed on assembled nanobelt arrays and patterned graphene films. Finally, front electrodes for CdTe solar cells were constructed via a low-cost ambient pressure CVD procedure on graphene films, reaching a significantly high efficiency of 4.17 %. [65] Interestingly, the number of graphene layers can be controlled by the hydrogen flow rate, while the graphene films showed high mobility and transparency from 97% from one-layer films to 84% seven-layer films in the range of 350-2200 nm, rendering these conductive hybrids as new lowcost back electrodes for future photovoltaic devices. On a slightly different theme, TMCs/graphene hybrid materials exhibit promising perspective as photodetectors. Specifically, a graphene-on-MoS2 heterostructure photodetector was developed, where a MoS2 monolayer was stacked on graphene by using a poly(methyl methacrylate) film as a transfer supporting layer. [66] The MoS2 monolayer was employed to absorb light and produce electron-hole pairs, exhibited high photogain and photoresponsivity. Briefly, the structure of the hybrid enables the use of the whole surface area as a junction, where electron-hole pairs can be separated at the interface, hence, highlighting the significance of charge movement in the emerging field of 2D heterostructures. Another challenge that the scientific community is called to confront by synthesizing more efficient and low-cost materials than the ones employed nowadays is the energy storage. Although this review focuses on light driven applications some characteristic examples on lithium ion batteries are discussed below. In this context, MoS2/graphene hybrids prepared via an in-situ solution-phase method for growing MoS2 layers on a graphene nanosheet found to exhibit great capacity and superior rate capability as well as cycling stability as anode materials for lithium ion batteries. [67] Interestingly, the highest specific capacity was achieved by the development of the aforementioned hybrid as an anode material. In addition, layered MoS2/graphene ensembles were synthesized via an L-cys-assisted solutionphase method with sodium molybdate, as-prepared GO and Lcys as starting materials, followed by the annealing of the asprepared MoS2/graphene in H2/N2 atmosphere for the final hybrid. [68] Specifically, the three dimensional MoS2/graphene materials exhibited excellent electrochemical performances as anode materials for Li-ion batteries. These excellent electrochemical performances of MoS2/graphene as Li-ion battery anodes are credited to their structure and the collaborating effects between layered MoS2 and graphene. Significant results have also been presented by various attempts of innovative TMCs/graphene ensembles when examined in optoelectronic devices. A novel MoS2/graphene was prepared, where MoS2 served as the channel material and graphene was employed as both the ohmic and gate contacts and the interconnects for the 2D electronic system. [69] Both graphene and MoS2 monolayers were synthesized by low-cost CVD methods in such way that the foundations were set for a scalable all-2D-material electronics platform that could fully exploit the mechanical flexibility and the electrostatic integrity that monolayer electronic materials offer for applications in flexible and transparent electronics. On the other hand, MoS2/graphene binary structures that displayed remarkable dual optoelectronic functionality were fabricated by laying a graphene sheet on a MoS2 flake at high temperature with the aid of a polymer that was later removed. [70] Specifically, the responsivity of the hybrids was nearly 1 x 10 10 AW -1 at 130 K and 5 x 10 8 AW -1 at room temperature, making them the most sensitive graphene-based photodetectors. Furthermore, the abovementioned hybrids can also perform as a rewritable electronic switch or memory exhibiting near perfect charge retention. These effects are ascribed to the gate-tunable charge exchange between the graphene and MoS2 layers and may lead to new graphene-based optoelectronic devices that could be mostly used for large-area applications at room temperature. Similarly, a graphene/hBN/WS2 sandwich structured device was developed with the "dry transfer" technique to assemble micromechanical exfoliated individual flakes for flexible and transparent electronics. [71] It was shown that a major improvement can be achieved in the device characteristics by utilizing both the tunneling and thermionic over-barrier currents in a WS2-based field-effect tunneling transistor (FETT) to such an extent the requirements for next-generation electronic devices will be satisfied.
By employing GO in one-step aqueous hydrothermal method, CdTe/graphene were prepared, in which the growth of CdTe nanoparticles and the reduction of GO occurred simultaneously. [72] The hybrids that were composed by using the aforementioned environmental-friendly and time saving approach, demonstrated enhanced photoresponses, rendering them suitable for optoelectronics applications. Furthermore, photoresponse measurements revealed that the CdTe/graphene electrode exhibited higher photovoltage and photocurrent performance than CdTe nanoparticles themselves. In 2012, the Guldi team developed a well-designed hybrid material composed from CdTe and exfoliated graphene rather than GO and/or RGO in aqueous media. [19] This was accomplished by employing two different approaches. In brief, according to the first approach pyrene-functionalized CdTe nanoparticles were interacted with exfoliated graphene via hydrophobic π-π stacking interactions, whereas on the second approach, graphene was non-covalently functionalized with a positively charged pyrene derivative which then electrostatically coupled with negatively charged CdTe nanoparticles, according to Scheme 8. Following these methods, the rough oxidation steps to prepare graphene oxide and the subsequent chemical reduction to reduced graphene oxide were avoided, while the basic properties of graphene were retained. Both CdTepyrene/graphene and CdTe/pyrene + /graphene ensembles support electron transfer dynamics. However, the exfoliation degree of graphene is essential since the higher it is the better charge-transfer properties are accomplished. Table 2 summarizes the photovoltaic performance parameters for the reviewed TMC/graphene ensembles. In brief, the RGO/CdS-CdSe [58] along with the graphene/ZnO/ CdS/CdTe [65] as photoanode electrodes exhibit high energy conversion efficiency (η) values of 4.4 and 4.17% respectively, as well as high short circuit photocurrent density (Jsc) of 18.4 and 22.9 mA cm -2 , respectively. It should be mentioned that for the former system, RGO/Cu2S was used as a counter photocathode electrode, while for the latter graphene, both contrasting the widely applied Pt or Au as counter electrodes. The enhanced absorption owed to the combination of two quantum dots in the form of CdS/CdTe [58, 65] is beneficial for obtaining superior photovoltaic performance, as compared to the case where the single quantum dot CdSe [57, 59, 61, 64] was tested. Markedly, the presence of graphene either as stand-alone material or in conjunction with CuS2 nanoparticles, playing the role of the counter photocathode electrode, is advantageous as compared with the widely employed Pt or Au on FTO/ITO. The latter is further realized by examining the fill factor (FF) value, which is the highest (0.46) among the materials currently reviewed. On the other hand, the highest open circuit voltage (Voc) value was registered for graphene/CdS, employing Au-FTO as counter photocathode electrode, however in combination with the rest photovoltaic parameters, its energy conversion efficiency was found only at 1.44%. [57] By extension, future research on synthesizing advanced graphene-based ensembles, in which binary and ternary TMCs with well-designed structure (i.e. alloyed, core-shell) are integrated onto graphene, is expected to further advance the field aiming improved photovoltaic performances. 
TMCs/Graphene Ensembles for Biosensing
Functional TMC/graphene ensembles can be also employed in biosensing applications. In this framework, CuS/graphene with well-defined morphology was successfully fabricated via the conventional in-situ hydrothermal route by employing thioacetamide as both the sulfur source and the reducing agent (Scheme 9). [73] The ensembles exhibited a higher peroxidaselike catalytic activity than bare CuS in acetate buffer solution, attributed to the dispersibility preference and the maximum synergistic interaction between graphene and CuS nanoflakes. Furthermore, the CuS/graphene ensemble can be used as an artificial enzyme in biosensors and environmental monitoring of H2O2. In addition, CdSe was successfully attached to oxidized graphene-(p-phenylenediamine) nanosheets through the formation of CdSe and their spontaneous self-assembly on pphenylenediamine reduced graphene nanosheets. [74] The hybrids demonstrated different fluorescent activities than those exhibited so far due to the blocking role of the long chain alkane surfactant molecules between the graphene and the CdSe nanoparticles, rendering them potential candidates for bioimaging applications and light emitting devices. In addition, poly(diallyl-dimethylammonium chloride) (PDDA) -functionalized graphene (CdTe/PDDA-graphene), decorated with CdTe nanoparticles, was synthesized via a simple one-step chemical reduction of exfoliated GO in the presence of PDDA and CdTe. The material was found highly selective to puerarin (7,4-dihydroxyisoflavone-8-glucopyranoside), which is a major active ingredient in the traditional Chinese medicine. [75] The ultrafast electron transfer property combined with the absorption selectivity towards puerarin, contributed to fabricate a puerarin sensor with superior electrochemical activity. On a different application, a CdS/GO photoelectrochemical biosensor was realized to detect the carcinoembryonic antigen. The novelty of the system deals with the preparation of CdS nanoparticles onto GO as catalyzed upon the reduction of sodium thiosulfate by hydrogen peroxide detected on the horseradish peroxidase. [76] Notably, it was shown that enzymes can be employed in the deposition of inorganic nanoparticles onto graphene sheets.
Conclusions and Prospects
Combining TMCs based on VIA, IB and IIB metals of the periodic table with graphene sheets yields TMCs/graphene hybrid materials that exhibit excellent photocatalytic properties suitable for hydrogen evolution, degradation of organic pollutants and redox reactions, as well as with high prospect to be employed in photovoltaic devices, photodetectors and biosensing. The in-situ formation and growth of TMCs onto graphene is a method that was extensively used for the fabrication of such TMCs/graphene ensembles, whereas other routes include electrostatic interactions, simple mixing, while also deposition of TMCs onto graphene substrates is applied when electronic devices are concerned. Employment of TMCs for solar harvesting application carries several benefits over the conventionally used TiO2, since TMCs are photostable and high surface area visible light absorbers. Markedly, incorporation of TMCs on graphene in energy applications is significant, for inhibiting charge recombination processes, increasing the specific surface area and creating more catalytic active sites. Notably, in many cases TMC/graphene ensembles outclass the most conventional utilized material for a particular purpose by demonstrating improved photocatalytic performances and increased photoresponse behaviour. The majority of the abovementioned utilities of graphene/TMCs are still considered as basic research, suggesting that there are still many steps to climb until commercial products for everyday life will be realized. Although fabrication methods have yet to be optimized, the prospect is high, particularly when considering the exceptional performances demonstrated in a large range of applications. However in most cases, GO or RGO have been employed as supporting material for TMCs, when defect-free exfoliated graphene carries higher potentiality due to its improved electronic and ballistic charge transport properties. Therefore, additional effort is certainly required to take full benefit of the novel characteristics of graphene that may lead to better functional materials. We believe that this review will inspire and encourage researchers to make new and significant contributions in this fascinating and rapidly evolving field.
